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ABSTRACT 

Musculoskeletal  soft  tissue  injuries  during  combat 
are  a  source  of  debilitating  pain,  the  treatment  and 
evaluation  of  which  pose  a  significant  challenge  to  the 
orthopedic  community.  Extracellular  matrix  (ECM) 
scaffolds  derived  from  various  sources  and  species  are 
being  explored  for  the  repair  of  musculoskeletal  tendon 
injuries.  In  this  paper  we  demonstrate  that  amongst  these 
ECM  scaffolds,  only  tensor  fascia  lata  has  structural  and 
tensile  material  properties  comparable  to  tendon,  but 
fascia  has  poor  suture  retention  properties.  We  have 
devised  a  novel  means  to  increase  the  suture  retention 
properties  of  fascia  lata  by  developing  a  composite  of  the 
ECM  tissue  and  biodegradable  polymers.  This  technique 
may  facilitate  the  efficacious  use  of  fascia  lata  in  the  area 
of  regenerative  medicine,  particularly  for 
musculoskeletal  repairs. 

1.  INTRODUCTION 

In  recent  years  natural  extracellular  matrices 
(ECMs)  have  been  procured,  processed  and  marketed  for 
clinical  use  as  patches  to  reinforce  soft  tissue  repair.  It  is 
believed  that  ECMs  may  provide  temporary  mechanical 
support  with  inherent  biological  properties  that  can 
influence  host  cell  attachment,  proliferation  and 
differentiation  and  ultimately  improve  tissue  healing. 

Several  commercial  products  exist  with  specific 
indication  for  the  problematic  musculoskeletal  condition 
of  rotator  cuff  tendon  repair  (Aurora  et  ah,  2007).  These 
products  include  collagen-rich  ECMs  such  as  dermis 
(Graft Jacket®,  TissueMend™,  Zimmer®  Collagen  Repair 
Patch),  small  intestine  submucosa  (Restore®, 
CuffPatch®)  and  fascia  lata  (AlloPatch™).  To  date, 
several  retrospective  clinical  studies  (Metcalf  et  ah, 
2002;  Sclamberg  et  ah,  2004;  Malcarney  et  ah,  2005; 
Labbe,  2006;  Dopirak  et  ah,  2007;  Burkhead  et  ah,  2007) 
but  only  one  prospective  study  with  a  control  group 
(Iannotti  et  ah,  2006)  have  been  published  using  either 
Restore®  or  Gratt.lacket"  for  rotator  cuff  tendon  repair. 
Although  ECM  patches  are  widely  considered  to  enhance 
soft  tissue  healing,  the  indications  and  functional 
requirements  for  the  efficacious  use  of  ECM  patches  for 
rotator  cuff  tendon  repair  remain  to  be  demonstrated. 


We  have  focused  our  research  on  ECM  derived  from 
human  tensor  fascia  lata.  The  tensor  fascia  lata  is  the 
deep  fascia  of  the  thigh,  originating  from  the  tensor 
fascia  lata  muscle  and  inserting  into  Gerdy's  tubercle  at 
the  knee.  Auto-  and  allograft  fascia  lata  has  been  used  for 
many  years  in  the  surgical  treatment  of  soft  tissue  repairs 
or  reconstructions  by  orthopaedists  (Bright  and  Green, 
1981;  Iannotti  et  ah,  2002;  Haas  et  ah,  2003;  Heikel, 
1968)  as  well  as  opthalmologists  (Bedrossian,  Jr.,  1993) 
and  urogynecologists  (Handa  et  ah,  1996;  Wright  et  ah, 
1998;  FitzGerald  et  ah,  1999).  Basic  studies  of  the 
biomechanical  properties  of  fresh  and  processed  fascia 
lata  have  been  published  previously  (Butler  et  ah,  1984; 
Hinton  et  ah,  1992;  Lemer  et  ah,  1999).  Here  we 
characterize  the  variation  and  biophysical  properties  of 
human  fascia  lata  as  well  as  protocols  to  substantially 
decrease  the  DNA  content.  Further,  we  compare  the 
biomechanical  properties  of  fascia  lata  to  other  ECM 
materials  derived  from  dermis  and  small  intestine. 
Finally,  we  demonstrate  a  novel  means  to  increase  the 
suture  retention  properties  of  fascia  lata. 

2.  HUMAN  FASCIA  LATA  ECM 

We  assessed  the  regional  variability,  processing 
methods,  mechanical,  biochemical  and  cellular  properties 
of  human  fascia  lata  as  a  scaffold  for  soft  tissue  repair 
and  tissue  engineering  applications  (Derwin  et  ah,  2008). 
Ten  pairs  of  fascia  lata  (donor  age  18  -  55)  were  used. 
One  fascia  patch  from  each  pair  was  used  to  assess  the 
geometric  and  biomechanical  variability  of  fresh  fascia. 
The  other  from  each  pair  was  subjected  to  one  of  two 
allograft  processing  methods:  antibiotic  soak  alone  or 
acellularization  plus  antibiotic  soak.  Stiffness,  modulus, 
hydroxyproline,  chondroitin/dermatan  sulfate 
glycosaminoglycan  (CSDS  GAG)  and  DNA  content 
were  quantified  in  fascia  from  fresh  and  treated  groups. 

The  effect  of  location  was  not  significant  for 
thickness  or  stiffness  within  a  6  x  12  cm  region  of  the 
iliotibial  tract  of  fresh  human  fascia  lata.  Acellularization 
processing  did  not  significantly  change  the  stiffness, 
modulus,  or  CSDS  GAG  content  of  fascia  ECM. 
However,  hydroxyproline  (collagen)  content  was 
significantly  reduced  in  acellularized  fascia,  probably 
reflecting  a  removal  of  soluble  collagen  during  the 
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treatment  (p  <0.02).  Processing  reduced  the  DNA 
content  of  fresh  fascia  approximately  10-fold  (p  <0.001). 
We  conclude  that  the  mechanical,  chemical  and 
ultrastructural  similarities  between  fascia  lata  and  tendon 
may  make  fresh  or  processed  fascia  an  attractive  ECM 
scaffold  for  soft  tissue,  particularly  tendon,  repair. 

3.  BIOMECHANICAL  PROPERTIES  OF  ECMS 

The  mechanical  properties  of  Graft  Jacket "  (human 
dermis),  TissueMend "  (fetal  bovine  dermis),  Restore8 
(porcine  small  intestine  submucosa),  CuffPatch™ 
(crosslinked  porcine  small  intestine  submucosa)  and 
Allopatch™  (fascia  lata)  were  quantified  and  compared 
(Derwin  et  al.,  2006;  Aurora  et  ah,  2007).  The  elastic 
moduli  were  also  compared  to  normal  canine 


infraspinatus  tendon.  Representative  stress-strain 
(material  property)  curves  from  tensile  tests  of  4  mm 
wide  by  30  mm  long  samples  are  plotted  in  Figure  1.  SIS 
ECM  devices  (Restore8  and  CuffPatch™)  reached  their 
linear  regions  (maximum  material  properties)  after  ~20% 
stretch  whereas  dermis  ECM  devices  (TissueMend8  and 
GraftJackef11)  reached  their  linear  regions  after  50-80% 
stretch.  SIS  and  dermis  ECM  devices  stretch 
considerably  more  than  canine  infraspinatus  tendon 
before  reaching  their  maximum  material  properties  and 
have  linear  moduli  that  are  an  order  of  magnitude  lower 
than  tendon.  In  contrast,  the  linear  region  strain  and 
modulus  of  elasticity  for  fascia  lata  ECM  (AlloPatch™) 
are  similar  to  canine  infraspinatus  tendon  (Figure  1)  and 
also  to  the  human  supraspinatus  tendon  (Itoi  et  ah,  1995). 
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Fig.  1:  Representative  stress-strain  curves  for  commercially  available  ECM  scaffolds; 
4  mm  wide  by  30  mm  long  strips  were  tested  (Aurora  et  ah,  2007). 
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Stiffness  is  a  clinically  relevant  biomechanical 
parameter  because  it  accounts  for  the  geometry  (size)  of 
the  device,  not  just  fundamental  material  behavior.  For 
instance,  Graft.lacket'  is  stiffer  than  Restore6, 
CuffPatch™  and  TissueMend  because  it  is  a 
significantly  thicker  device  than  these  tissues  (Derwin  et 
al.,  2006).  AlloPatch™  is  the  stiffest  device  (Derwin  et 
ah,  2008),  demonstrating  stiffness  similar  to  human 
infraspinatus  tendon  (97-171  N/mm)(Halder  et  ah,  2000). 

The  disparity  between  the  structural  and  material 
properties  of  SIS  and  dermis  ECMs  compared  to  tendon 
suggests  that  in  their  current  configuration  SIS  and 
dermis  devices  may  not  be  capable  of  providing 
appreciable  mechanical  reinforcement  to  primary  rotator 
cuff  repairs.  In  contrast,  the  similar  mechanical 
properties  between  fascia  lata  ECM  and  tendon,  suggest 


fascia  devices  may  be  able  to  offer  mechanical 
augmentation. 

However,  modulus  and  stiffness  alone  are 
insufficient  to  predict  the  biomechanical  utility  of  an 
ECM  device.  The  functional  benefit  of  an  ECM  graft 
augmentation  procedure  also  relies  on  the  suture  strength 
of  the  graft-tendon  and/or  graft-bone  junction.  Dermis 
devices  have  superior  suture  retention  characteristics 
compared  to  SIS  or  fascia  lata  (Figure  2).  Fascia  lata  has 
the  lowest  suture  retention  strength  of  the  three  ECMs, 
which  may  be  attributed  to  the  organized  nature  of  its 
collagen  fascicles.  Currently,  fascia’s  poor  suture 
retention  limits  the  surgeon’s  ability  to  capitalize  on  its 
favorable  material  properties. 


250 


e.  200 

T3 

CO 

O 

_l 

c  150 


C 

D 

0J  100 

01 

0) 

k. 

3 

3  50 

(/) 


Human  Dermis 
(GraftJacket  Max  Force,  n=4 
Barber  et  al,  2006) 


Porcine  SIS 
(Restore,  n=6 
Barber  et  al,  2006) 


Human  Fascia  Lata 
(Allopatch,  n=5 
Derwin  et  al,  unpublished) 


Fig.  2:  Suture  retention  strength  of  three  ECM  scaffolds 
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4.  ENGINEERED  FASCIA  LATA  ECM 

We  have  devised  a  novel  means  to  increase  the 
suture  retention  properties  of  fascia  lata  by  developing  a 
composite  of  fascia  lata  ECM  and  biodegradable 
polymer.  We  incorporated  small  amounts  of  polymer 
fiber  (Concordia  Medical,  Coventry,  RI)  into  fascia  ECM 
using  a  proprietary  reinforcement  technique.  Four  groups 
were  investigated:  native  fascia,  polylactic  acid  (PLA)  - 
fascia  constructs,  polyglycolic  acid  (PGA)  -  fascia 
constructs,  polyethylene  (PE)  -  fascia  constructs.  To 
quantify  suture  retention  load,  a  modified  ball  burst  test 
was  used.  Circular  test  samples  (4  cm  diameter)  were 
prepared  with  polymer  and  hydrated  for  20  minutes  at 
room  temperature  in  saline.  Flydrated  constructs  were 
then  sutured  to  a  stainless  steel  ring  at  1  cm  increments 
using  #2  Fiberwire  (Arthrex,  Naples,  FL)  in  a  simple 
suture  configuration.  The  fascia-steel  ring  construct  was 


cyclically  loaded  using  a  1”  diameter  stainless  steel  ball 
for  10  cycles  from  5-15N  at  0.25Hz,  followed  by 
constant  rate  distraction  to  failure  at  30mm/min. 

The  suture  retention  loads  of  the  polymer-fascia 
constructs  are  ~3-fold  higher  than  native  fascia  (Figure 
3).  This  increase  in  the  suture  retention  was  observed 
irrespective  of  the  type  of  polymer  used.  Further,  fascia 
engineered  with  polymer  had  increased  stiffness  (24.8  ± 
2.3  N/mm)  compared  to  native  fascia  (10.6  ±1.2  N/mm). 

These  data  demonstrate  a  novel  method  to  increase 
the  suture  retention  strength  of  fascia  ECM  by  ~  3 -fold 
and  stiffness  by  ~  2-fold  compared  to  native  tissue.  We 
are  currently  investigating  additional  polymer  techniques 
as  well  as  the  suture  retention  strength  of  engineered 
fascia  constructs  after  simulated  in  vitro  degradation  and 
after  in  vivo  subcutaneous  implantation  in  rats. 
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Fig.  3:  Suture  retention  load  of  various  fascia  constructs;  mean  (SD),  n=3  per  group 
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CONCLUSIONS 

No  tissue  repair  technology  currently  exists  for  large 
tendon  and  muscle  defects  that  is  natural,  strong,  large, 
has  good  suture  retention  and  provides  enhanced  wound 
healing.  Fascia  lata  potentially  offers  all  of  these 
advantages  based  on  its  mechanical,  chemical  and 
ultrastructural  similarity  to  tendon.  Engineering  fascia  to 
have  increased  the  suture  retention  strength  will  support 
the  use  of  this  ECM  for  musculoskeletal  repairs  where 
high  mechanical  loads  are  expected.  As  such,  we  believe 
that  an  engineered  fascia  device  will  have  indication  for 
augmentation  of  large  tendon  defects.  An  engineered 
fascia  device  may  also  be  applicable  for  ligament  repair, 
extension  of  rotational  muscle  transfers,  grafting 
lacerated  muscles,  periosteal  coverage  and  wound 
healing.  Providing  an  effective  treatment  for 
musculoskeletal  conditions  such  as  these  promises  to 
have  significant  impact  on  both  the  aging  civilian 
population  and  as  well  as  the  growing  numbers  of 
soldiers  suffering  soft  tissue  extremity  wounds. 


ACKNOWLEDGMENTS 

Support  for  this  work  was  provided  by  Ohio  Third 
Frontier  (BRTT05-30),  NIH  (P30AR050953),  Cleveland 
State  University,  Armed  Forces  Institute  of  Regenerative 
Medicine  (W81XWH-08-2-0034)  and  Musculoskeletal 
Transplant  Foundation  (fascia  donation). 


REFERENCES 

Aurora,  A.,  McCarron,  J.,  Iannotti,  J.  P.,  Derwin,  K., 
(2007).  Commercially  available  extracellular  matrix 
materials  for  rotator  cuff  repairs:  state  of  the  art  and 
future  trends.  J.Shoulder.Elbow.Surg.  16,  S171- 
S178. 

Bedrossian,  E.  H.,  Jr.,  (1993).  Banked  fascia  lata  as  an 
orbital  floor  implant.  Ophthal.Plast.Reconstr.Surg.  9, 
66-70. 

Bright,  R.  W.,  Green,  W.  T.,  (1981).  Freeze-dried  fascia 
lata  allografts:  a  review  of  47  cases.  J  Pediatr.Orthop 
1,  13-22. 

Bulkhead,  W.  Z.,  Schiffern,  S.  C.,  Krishnan,  S.  G., 
(2007).  Use  of  GraftJacket  as  an  augmentation  for 
massive  rotator  cuff  tears.  Semin  Arthoplasty  11-18. 

Butler,  D.  L.,  Grood,  E.  S.,  Noyes,  F.  R.,  Zernicke,  R.  F., 
Brackett,  K.,  (1984).  Effects  of  structure  and  strain 
measurement  technique  on  the  material  properties  of 
young  human  tendons  and  fascia.  Journal  of 
Biomechanics  17,  579-596. 

Derwin,  K.  A.,  Baker,  A.  R.,  Spragg,  R.  K.,  Leigh,  D.  R., 
Farhat,  W.,  Iannotti,  J.  P.,  (2008).  Regional 
variability,  processing  methods,  and  biophysical 
properties  of  human  fascia  lata  extracellular  matrix. 


J  Biomed  Materials  Res,  Part  A  84,  500-507. 

Derwin,  K.  A.,  Baker,  A.  R.,  Spragg,  R.  K.,  Leigh,  D.  R., 
Iannotti,  J.  P.,  (2006).  Commercial  extracellular 
matrix  scaffolds  for  rotator  cuff  tendon  repair. 
Biomechanical,  biochemical,  and  cellular  properties. 
J.Bone  Joint  Surg.[Am]  88,  2665-2672. 

Dopirak,  R.,  Bond,  J.  L.,  Snyder,  S.  J.,  (2007). 
Arthroscopic  total  rotator  cuff  replacement  with  an 
acellular  human  dermal  allograft  matrix.  Inti  J 
Shoulder  Surg  1,  7-15. 

FitzGerald,  M.  P.,  Mollenhauer,  J.,  Bitterman,  P., 
Brubaker,  L.,  (1999).  Functional  failure  of  fascia 
lata  allografts.  American  Journal  of  Obstetrics  and 
Gynecology  181,  1339-1344. 

Haas,  F.,  Seibert,  F.  J.,  Koch,  H.,  Hubmer,  M., 
Moshammer,  H.  E.,  Pierer,  G.,  Scharnagl,  E., 
(2003).  Reconstruction  of  combined  defects  of  the 
Achilles  tendon  and  the  overlying  soft  tissue  with  a 
fascia  lata  graft  and  a  free  fasciocutaneous  lateral 
arm  flap.  Ann. Plast. Surg.  51,  376-382. 

Haider,  A.,  Zobitz,  M.  E.,  Schultz,  F.,  An,  K.  N.,  (2000). 
Mechanical  properties  of  the  posterior  rotator  cuff. 
Clin. Biomech. (Bristol.,  Avon.)  15,  456-462. 

Handa,  V.  L.,  Jensen,  J.  K.,  Germain,  M.  M.,  Ostergard, 
D.  R.,  (1996).  Banked  human  fascia  lata  for  the 
suburethral  sling  procedure:  a  preliminary  report. 
Obstet.Gynecol.  88,  1045-1049. 

Heikel,  H.  V.,  (1968).  Rupture  of  the  rotator  cuff  of  the 
shoulder.  Experiences  of  surgical  treatment.  Acta 
Orthop.Scand.  39,  477-492. 

Hinton,  R.,  Jinnah,  R.  H.,  Johnson,  C.,  Warden,  K., 
Clarke,  H.  J.,  (1992).  A  biomechanical  analysis  of 
solvent-dehydrated  and  freeze-dried  human  fascia 
lata  allografts.  A  preliminary  report.  The  American 
Journal  of  Sports  Medicine  20,  607-612. 

Iannotti,  J.  P.,  Antoniou,  J.,  Williams,  G.  R.,  Ramsey,  M. 
L.,  (2002).  Iliotibial  band  reconstruction  for 

treatment  of  glenohumeral  instability  associated 
with  irreparable  capsular  deficiency.  J  Shoulder 
Elbow  Surg  11,  618-623. 

Iannotti,  J.  P.,  Codsi,  M.  J.,  Kwon,  Y.  W.,  Derwin,  K., 
Ciccone,  J.,  Brems,  J.  J.,  (2006).  Porcine  small 
intestine  submucosa  augmentation  of  surgical  repair 
of  chronic  two-tendon  rotator  cuff  tears.  A 
randomized,  controlled  trial.  J  Bone  Joint  Surg 
[Am.]  88,  1238-1244. 

Itoi,  E.,  Berglund,  L.  J.,  Grabowski,  J.  J.,  Schultz,  F.  M., 
Growney,  E.  S.,  Money,  B.  F.,  An,  K.  N.,  (1995). 
Tensile  properties  of  the  supraspinatus  tendon.  J 
Orthopaedic  Research  13,  578-584. 

Labbe,  M.  R.,  (2006).  Arthroscopic  technique  for  patch 
augmentation  of  rotator  cuff  repairs.  Arthroscopy 
22,  1136. 

Lemer,  M.  L.,  Chaikin,  D.  C.,  Blaivas,  J.  G.,  (1999). 
Tissue  strength  analysis  of  autologous  and  cadaveric 
allografts  for  the  pubovaginal  sling. 
Neurourol.Urodyn.  18,497-503. 


5 


Malcarney,  H.  L.,  Bonar,  F.,  Murrell,  G.  A.,  (2005). 
Early  inflammatory  reaction  after  rotator  cuff  repair 
with  a  porcine  small  intestine  submucosal  implant:  a 
report  of  4  cases.  American  Journal  of  Sports 
Medicine  33,  907-911. 

Metcalf,  M.  H„  Savoie,  F.  H„  III,  Kellum,  B„  (2002). 
Surgical  technique  for  xenograft  (SIS)  augmentation 
of  rotator-cuff  repairs.  Operative  Techniques  Orthop 
12,204-208. 

Sclamberg,  S.  G.,  Tibone,  J.  E.,  Itamura,  J.  M., 
Kasraeian,  S.,  (2004).  Six-month  magnetic 

resonance  imaging  follow-up  of  large  and  massive 
rotator  cuff  repairs  reinforced  with  porcine  small 
intestinal  submucosa.  J  Shoulder  Elbow  Surg  13, 
538-541. 

Wright,  E.  J.,  Iselin,  C.  E.,  Carr,  L.  K.,  Webster,  G.  D., 
(1998).  Pubovaginal  sling  using  cadaveric  allograft 
fascia  for  the  treatment  of  intrinsic  sphincter 
deficiency.  Journal  of  Urology  160,  759-762. 


6 


